The extensional collapse of the Scandinavian Caledonides resulted in rapid tectonic denudation of the orogen, exhumation of high-and ultra-high-pressure metamorphic rocks and provided a structural template for the formation of Devonian supra-detachment sedimentary basins. The geometry and intensity of the extensional deformation show considerable variation vertically in the crustal section as well as horizontally from east to west across the orogen. The most prominent structural feature related to the extension in central-south Norway is the change in the direction of tectonic transport, from the easterly directed nappe translation during the Silurian Scandian Orogeny, to top-westerly directed sense of shear during the extension. The Fennoscandian basement was little affected by extension in the eastern Caledonides. In the west, however, top-to-the-west shear zones are commonly observed in basement windows. Deformation affecting the Cambrian to Late Silurian rocks in the Caledonian foreland developed a typical of foreland fold and thrust belt geometry. Deformation in the foreland was apparently contemporaneous with the extension-related decompression of the high-pressure rocks in the hinterland. Thrusting in the foreland may thus have been driven by gravitational collapse, and as such have important similarities to the foreland-hinterland relationships of the Himalayan-Tibetan region. The basal contacts of the Jotun and other major nappes constitute prominent shear zones in which fabrics related to thrusting have been mostly destroyed by extensional shearing. The high structural levels of the Western Gneiss Region, adjacent to the western margin of the Jotun Nappe, were only moderately affected by the extensional deformation. Consequently, the Proterozoic orthogneiss complexes are generally well preserved in this area. The westernmost and structurally lowermost parts of the Western Gneiss Region have, however, been subjected to extreme overburden during the Caledonian continental collision. Initial, near-isothermal decompression of the high-pressure rocks occurred by non-rotational vertical shortening-horizontal stretching at eclogite-to amphibolite-facies conditions; at a later stage, decompression and cooling from amphibolite to greenschist facies occurred by rotational deformation associated with the large-scale extensional detachments. The initial extensional deformation in the hanging wall of the detachments in western Norway commenced at greenschist-facies conditions, and became progressively more brittle and localised as the complexes were exhumed in the Late Silurian to Middle Devonian. Major syn-depositional normal faults in the hanging wall of the extensional detachments eventually controlled sedimentation in the Devonian supra-detachment basins.
Introduction
The lower Palaeozoic Caledonian mountain belt in Scandinavia is one of the classical terrains in the study of orogenic products and processes. From the trace of the Tornquist line in the North Sea to the Trollfjord-Komagelv Fault on the Porsanger Peninsula in the northeast, the Scandinavian Caledonides form an approximately 2000-km-long curvilinear belt, broadly comparable in length to the Himalayan mountain belt between the eastern and western syntaxes (Fig. 1) . The lower Palaeozoic plate reconstruction, summarised by Torsvik et al. (1996) , shows that the Scandinavian Caledonides were facing the similar-sized East Greenland Caledonides after the collision between Laurentia and Fig. 1 . Pre-Jurassic reconstruction (modified after Skogseid, 1994) of the Caledonides (square pattern) in the North Atlantic region. The map shows location of the study area in southern Norway. Note that the shelf areas and major parts of the onshore regions have been subjected to pre-Jurassic extension.
Baltica. The preserved width of the Caledonides on-shore south Norway and eastern Greenland is approximately 500 km and 350 km, respectively. In addition large parts of the hinterland of the orogen occur on the attenuated basement of the shelf areas and continental crust fragments within the North Atlantic (Skogseid, 1994) . Although lacking precise Late Silurian palaeogeographical reconstruction, it is clear that the Caledonides of the North Atlantic region including the submerged hinterland regions of the shelves areas, constituted a very large mountain belt similar in size to the present Himalayan-Tibetan region from the frontal thrust in the south to the Tarim basin in the north.
In spite of the widespread extensional deformation affecting the thickened crust in the hinterland of the mountain chain during the extensional collapse and throughout the late Palaeozoic, the Caledonides of the North Atlantic region essentially remained a positive topographic element throughout the late Palaeozoic and early Mesozoic (Ziegler, 1988) .
Historically, the Scandinavian Caledonides have been particularly important because of the spectacular development of thin, far-travelled and aerial very extensive thrust nappes. Although the product of a polyphase orogenic development, it is generally agreed that the present 'layer-cake' tectonostratigraphy was finally assembled and emplaced onto the Fennoscandian Shield basement and cover rocks during the continental collision between Baltica and Laurentia in the middle to Late Silurian referred to as the Scandian phase of the Caledonian Orogeny. Extensional structures in southern Norway are primarily identified by a general reversal in polarity of deformation. The Scandian contraction was associated with southeast-directed structures and nappe transport, whereas the extension is generally characterised by west and northwesterly directed structures thinning the nappe stack. The ductile to brittle extensional structures were superimposed on the tectonostratigraphy established during the Scandian phase (Fig. 2) , comprising five main units :
(1) The Autochthon-Parautochthon consist of the Fennoscandian Shield basement and the sedimentary cover of Neoproterozoic and early Palaeozoic age.
(2) The Lower Allochthon consists mainly of lowgrade sedimentary sequences of Neoproterozoic to early Palaeozoic age and some Fennoscandian Shield basement rocks are involved in the thrust sheets.
(3) The Middle Allochthon is dominated by large crystalline nappe complexes and thick psammitic sequences, locally overlain by Vendian to lower Palaeozoic metasediments.
(4) The Upper Allochthon contains mainly ophiolites and island-arc complexes and some parts which are believed to have constituted the transitional continental-oceanic crust segments of the rifted margin of Baltica.
(5) The Uppermost Allochthon is present only in northern Norway and will not be discussed further here.
Since Bjørlykke's and Hossack's suggestions (Bjørlykke, 1983; Hossack, 1984 ) that large-scale listric normal faults controlled formation of the Devonian basins in western Norway, considerable attention has been paid to the late-to post-orogenic extensional modification of the orogen in Scandinavia. Structures formed at various upper to lower crustal levels related to the extensional collapse have been identified in several on-shore cross-sectional traverses along-strike of the orogen (e.g., Norton, 1986; Séranne and Séguret, 1987; Andersen and Jamtveit, 1990; Fossen, 1992; Rykkelid and Andresen, 1994) . The late-to post-orogenic extension in southern Norway resulted in penetrative reworking and decompression of Caledonian high-pressure metamorphic rocks, formation of large extensional detachments and the Devonian supra-detachment basins Osmundsen, 1996; Osmundsen et al., 1998) . Similarly, exhumed Caledonian high-pressure rocks (Gilotti, 1994) , extensional detachments and associated Devonian basin formation have recently been identified in the East Greenland Caledonides (Strachan, 1994; Hartz and Andresen, 1995; Andresen and Hartz, 1998) , documenting a belt-wide late-to post-orogenic extension of the North Atlantic Caledonides. This paper attempts a review of the geometry, regional distribution and relative age of the extensional structures across the south Norwegian Caledonides.
Extensional domains and structures in south Norway
Papers presenting original data on the extensional tectonics in the Scandinavian Caledonides have focused mostly on characterising structural geometries in restricted areas and/or structural levels, or they have attempted to present large-scale conceptual tectonic models. Comprehensive documentation of the post-orogenic extension in southern Norway has so far only been published from the BergenHardanger (Fossen, 1992) and the Sogn-Nordfjord regions Dewey et al., 1993; Andersen et al., 1994; Osmundsen, 1996) . The extensional structures in the eastern part of the section (Fig. 3) are less well studied. The interpretation from eastern Norway relies on reconnaissance observations by the present author, but mostly on published maps (Sigmond et al., 1984; Nilsen and Wolf, 1989) , short papers and abstracts from the Trondheim-Ö stersund transect Bergman, 1989, 1994; Sjöström et al., 1991) and observations adjacent to the Røragen Devonian basin (Norton, 1987; Gee et al., 1994) .
The first identification of large-scale late/postCaledonian structures affecting the nappe stack of southern Norway was by Goldschmidt (1912) who identified a major NE-SW-trending synformal depression in central south Norway (Figs. 2 and 3) which he called the 'Faltungsgraben'. This structure has later been referred to as the LaerdalGjende/Hardangerfjord Fault Zone or the Hardangerfjord Shear Zone (Fossen, 1992) . In the following Goldschmidt's original term, Faltungsgraben, is retained because the lineament is characterised by both folding and faulting. As will become apparent from the descriptions below, the Faltungsgraben is a relatively late structure in the post-Caledonian structural modification. East of the Faltungsgraben, the Caledonian structure is characterised by relatively thin, dominantly sub-horizontal basement/cover nappes. On the eastern flank of the Faltungsgraben, Fennoscandian basement and cover as well as the nappes bend down into the NW-facing synformal depression along which structurally higher nappe units can be traced from the Hardanger-Ryfylke area in the south to the Trondheim area in the north (Fig. 2) . The western flank of the Faltungsgraben is defined by the east-dipping contact zone between the Caledonian nappes and the structurally underlying Western Gneiss Region (Fig. 3) .
Extensional structures east of the Faltungsgraben
The easternmost parts of the Caledonides in southern Norway are the foreland fold and thrust belt preserved within the upper Palaeozoic Oslo Graben (Bockelie and Nystuen, 1985; Morley, 1986a) and in the lower allochthon of the Valdres-Gudbrandsdalen (Hossack et al., 1985) and Hardangervidda areas (Andresen, 1982) . The foreland is structurally characterised by imbricate fans (Oslo area) and duplexes (Valdres) developed above a sole thrust in the Cambrian to Ordovician alum-shales. The sole trust probably terminates as a blind thrust, largely masked by the Permian batholiths, in the southern parts of the Oslo Graben (Bockelie and Nystuen, 1985; Morley, 1986a) . Morley (1986b) calculated some 135 km of accumulated shortening from the thrust front to the Mjøsa area. The youngest rocks affected by the Caledonian SE-directed thrusting in the foreland are Late Silurian (Pridoli) fluvial sandstones. According to a recent calibration of the time scale by Tucker and McKerrow (1995) the base of the Devonian is at 417 Ma. Hence the post-depositional thrusting of Late Silurian sediments in the foreland was most likely contemporaneous with the initial extensionrelated decompression of high-pressure rocks in the hinterland and therefore relevant for the late orogenic extension of the orogen Andersen, 1993) . With the exception of minor pop-up structures and associated SE-dipping reverse faults there is, however, no published evidence of major top-west shearing or extensional reactivation along the decollement surface in the alum-shale sequence in the Oslo region. If present at all, obvious Basin and Range type 'breakaway zones' (Wernicke, 1992) for top-to-the-west extension has not been identified in the Scandinavian Caledonides (Figs. 2 and 3) .
In the northern part of SE Norway, the Trondheim region and along the Swedish-Norwegian border, several authors have shown that the thrust-related basal decollement ramps up from deeper structures involving the Fennoscandian basement (e.g., . An interpretation, based on semi-quantitative cross-sectional balancing (Morley, 1986b ) and on seismic reflection profiles (Hurich and Kristoffersen, 1988; Hurich et al., 1989; Palm et al., 1991) , indicate that the basement windows and culminations east of Faltungsgraben (Fig. 2 ) are allochthonous and entirely related to thrusting.
Work by Bergman (1989, 1994) , however, demonstrates that the basement windows are exposed not merely as a result of contractional antiformal stacking (Hurich and Kristoffersen, 1988; Gee et al., 1994) , but also as a result of inhomogeneous vertical shortening and horizontal extension of the nappe stack. The earliest structures thinning the nappe complexes in the structural level along the lower and middle allochthon boundary are described by Sjöström and Bergman (1994) from the Trondheim-Ö stersund transect. These authors state that the nappes where thinned initially by non-coaxial flow, related to east-dipping, top-to-the-southeast Fig. 2 ). The profile is reproduced from Hurich et al. (1989) and Palm et al. (1991) . Interpretation of the tectono-stratigraphic units is after Palm et al. (1991) and Gee et al. (1994) . The kinematic interpretation of the faults (shown by arrows) is drawn by the present author and is based on interpretations by Sjöström et al. (1991) and the structural geometry.
extensional shear zones on the southeast flanks of the basement culminations (Fig. 4) . Displacement on these shear zones produced large-scale, extensionrelated synforms with higher tectonic units (Middle and Upper Allochthon) preserved in their hanging walls (Fig. 4) . The east-dipping shear zones affected composite nappe units, thus demonstrating their younger relative age with respect to the true contractional structures (Sjöström and Bergman, 1994) . Sjöström and Bergman (1994) concluded that ductile, out of sequence top-east shear zones near and east of the Swedish-Norwegian border in Trøndelag (see Fig. 4 ) were related to gravitational thinning of the nappe pile, and hence substantiate earlier suggestions Andersen, 1993; Dewey et al., 1993 ) that thrusting of the Lower Allochthon and development of the foreland fold and thrust belt may have been related to gravitational spreading of the orogenic belt. Bergman (1989, 1994) have further shown that the top-east-directed extension was succeeded by large-scale, top-to-the-west, west-dipping normal faults and shear zones comparable to the Røra-gen Detachment (Norton, 1987) . The kinematics of these faults and shear zones are documented by fabric studies (Norton, 1987; Bergman, 1989, 1994; Sjöström et al., 1991) , and the extensional geometries are obvious on the seismic profile (Fig. 4) . Fig. 4 reproduced here is based on the published seismic reflection profile (Hurich et al., 1989; Palm et al., 1991) , with geological interpretation from the same authors, and clearly indicates the extensional geometries. If the interpretation is correct, it is difficult to envisage how the sole thrust may have been active as a top-to-the-east contractional structure along its entire E-W length at the same time as the upper units where thinned by top-to-the-west extensional shear zones and faults as suggested by Gee (1988) and Gee et al. (1994) . The surface expression of the normal faults eventually controlled formation and sedimentation in the Devonian Røra-gen basin (Fig. 2) . Several NE-SW-trending shear and fault zones previously interpreted as thrusts have been mapped northeast of the Jotun Nappe (Sigmond et al., 1984; Nilsen and Wolf, 1989) . These faults have not, to the present author's knowledge, been studied recently and no fabric analyses are presently available. The map pattern (Nilsen and Wolf, 1989) showing juxtaposition of lower structural units with higher structural units in foot and hanging walls, respectively, indicate that these structures are normal faults. It is suggested that they form part of a system co-genetic with the Laerdal-Gjende Fault (see below), and hence represent a late expression of the extensional collapse east of the Faltungsgraben in southern Norway.
Structures related to crustal extension east of the Faltungsgraben lineament include the following.
(1) Foreland-dipping shear zones recording topto-the-SE-directed displacement (Fig. 4) . These structures thinned the nappe stack at greenschistfacies conditions, and are probably contemporaneous with decollement thrusting in the foreland.
(2) Reversal in polarity of deformation, with major top-to-the-NW movement along most of the previous thrust contacts (Figs. 3 and 5) . A well defined breakaway zone for the top-W deformation has not been identified, but if present it is located southeast of the leading edge of the major crystalline nappes of the Hardanger-Ryfylke and Jotun Nappe Complexes (Fig. 2) .
(3) Hinterland-dipping, semi-ductile to brittle shear and fault zones with large (several km) displacements. Some of these structures are responsible for the exposed basement windows/culminations by footwall uplift. The surface expression of these faults controlled formation and deposition in Devonian Røragen basin (Fig. 2) .
As mentioned above, the Caledonian structure to the east of the Faltungsgraben in south-central Norway (Hardangervidda to Valdres) is characterised by relatively thin nappes belonging to the Lower and Middle Allochthon, overlying a thin autochthonous to para-autochthonous sedimentary cover and the Fennoscandian basement (Andresen and Faerseth, 1982; Bryhni and Sturt, 1985; Milnes and Koestler, 1985) . Kinematic indicators indicative of back-thrusting on the main tectonic contacts of the basement and cover nappes show that top-west reactivation occurred at greenschist-facies conditions (Milnes and Koestler, 1985) . Recent observations by the present author and co-workers (Gathe and Andersen, 1996) show that the fabrics related to inferred (Milnes and Koestler, 1985) SE-directed thrusting is obliterated along the base of the Jotun Nappe in the Hemsedal area (Figs. 2 and 5). The structure and texture of the rocks in the basal shear zone of the Jotun Nappe are characterised by kinematic indicators and stretching lineations indicative of intense WNW-directed non-coaxial flow at greenschist-facies conditions. The entire structural thickness of the micaceous metagreywackes and phyllites of the cover on Hardangervidda as far east as exposures are available on the Haukeliseter transect, is dominated by NW-vergent folds and associated foreland-dipping crenulation cleavage around NE-SW-trending fold and crenulation axes (Andresen, 1982; Haremo, 1987) . Similar observations have been made in the Valdres area, although the contractional duplexes are preserved in the SE part of the Valdres section (Milnes and Koestler, 1985) .
A model for the back folds and the associated crenulation cleavage was suggested by Osmundsen (1990) based on studies of the upper plate in Sunnfjord. Top-to-the-west reactivation of the main thrust contacts resulted in an inverted strain field from bulk vertical stretching/horizontal shortening to vertical shortening/horizontal stretching. The extensional deformation was partitioned along the plastic instabilities defined by major thrust zones and low shear strength tectono-stratigraphic units. In these shear zones previous hinterland-dipping planes of flattening (main foliation) related to thrusting were positioned in the field of shortening and hence folded during initial top-west rotational deformation (Osmundsen and . Fossen (1992) used a similar model to explain the west-and northwestvergent folds and referred to the initial ductile top-W reactivation as Mode I extension.
Extensional structures in, and along the Faltungsgraben lineament
The Faltungsgraben is a complex large-scale synformal structure formed by NW-vergent folding as Figs. 2 and 3) . The top-west, reactivation of the thrusts obliterated most of the thrust fabrics and the thickness of the Jotun Nappe was strongly modified by the extension. Notice the footwall uplift which exposes the Fillefjell and Laerdal basement windows. Notice also that ductile, top-west shear zones are present and become increasingly common towards the west in the basement and basement windows. Basement shear zones that can be related to Caledonian shortening have not been observed in this section.
well as later semi-ductile to brittle top-W shear zones and normal faults. Some of the faults along the Faltungsgraben lineament have probably been reactivated at a very late stage as indicated by the presence of unconsolidated fault rocks and half-graben geometries imaged on coast-parallel deep-seismic, offshore profiles (Hurich and Kristoffersen, 1988; Faerseth et al., 1995) . As described above the initial vertical shortening of the nappe stack recognised in the Swedish-Norwegian border area occurred by a top-to-the-SE, out of sequence (with respect to thrust stacking) shear zones, thinning the nappes by gravitational movements in a direction synthetic with the thrusting. Similar top-to-the-SE foreland-dipping shear zones have, however, not been identified in central SE Norway.
The SE-directed movements where succeeded by the reversal in polarity of deformation, and the main tectonic contacts were reactivated as extensional topwest shear zones (Fig. 5) . As pointed out above, the fabrics related to the reversal in polarity of deformation are very common. These structures have been described in detail by Fossen (1992) across the Faltungsgraben lineament from its eastern and western limb in the Hardanger-Bergen area. Recent observations along the transect across from Hemsedal to Sogndal in central-south Norway by the present author confirms Fossen's structural observations (Fossen, 1992) of NW-directed movements on all the major tectonic contacts. The SE-dipping, western flank of the Faltungsgraben, where the nappes make contact with the rocks of the Western Gneiss Region, has been studied in two sections near Sogndal (Fig. 2) . Both sections are characterised by several hundred metres thick packages of mylonites in which top-NW to WNW kinematic indicators dominate the fabric. Near Sogndal (Fig. 2) , the quality of the exposures along the new road sections on the SogndalFjaerland highway, allows good relative dating of the various structural elements and kinematic indicators. Systematic observations show that the structural history is complicated; locally remnants of top-tothe-SE probably related to the thrusting of the Jotun Nappe have been preserved. The mylonites are, however, dominated by fabrics formed by top-to-the-NW non-coaxial deformation. In addition, a set of late top-to-the-SE kinematic indicators, post-dating the dominant top-NW shear fabric, has been observed. The late top-to-the-E structures are mostly represented by spaced SE-directed normal-slip crenulations and shear bands, and occur in narrow zones (<10 m), confined to phyllonites and talc-schists. It is suggested that the late top-E fabric records gravitational sliding down-dip into the central trough of the Faltungsgraben on horizons of low shear strength.
Within the core of the Faltungsgraben, the dominant late extensional structures are NE-SW-trending semi-ductile to brittle normal faults (Mode II extension by Fossen, 1992) . These post-date the extensional top-W reactivation of the thrusts, and are clearly younger than some newly discovered ductile top-NW shear zones that occur within the basement culmination in the footwall of these faults (Gathe and Andersen, 1996) . The best example of the faults is the Laerdal-Gjende Fault, which is represented by a thick zone (up to 200 m Milnes and Koestler, 1985) of cataclastic deformation affecting earlier extensional mylonites in its footwall and Jotun Nappe orthogneisses in its hanging wall (Fig. 5) . At Laerdal, the footwall comprises an approximately 200-m-thick zone of top-NW mylonites, phyllonites and ultramylonites, parts of which have protoliths in the Caledonian cover beneath the Jotun Nappe. Late movements on the Laerdal-Gjende Fault are indicated by unconsolidated breccias and gauges along its fault plane. The breccias and fault gauge are presently undated. Attempts to date the breccias by palaeomagnetic method and by low-temperature thermo-chronological methods are in progress.
The Laerdal-Gjende Fault is clearly an important structure in controlling the change in the interpreted thickness of the Jotun Nappe from a few hundred metres in its footwall to several kilometres in its hanging wall (Fig. 5 ) also indicated by gravity modelling by Smithson et al. (1974) . The southwestward continuation of the Faltungsgraben has been described in detail by Fossen (1992) . Its offshore continuation has been imaged on the coastparallel 'Mobil Search' deep-seismic profiles, where the late normal movements are demonstrated by the occurrences of late Palaeozoic/early Mesozoic (?) half-grabens in its hanging wall (Hurich and Kristoffersen, 1988; Faerseth et al., 1995) .
Extensional structures in western Norway
The late-to post-orogenic extension in western Norway has been studied and described in a number of theses and publications since the late 1980s. Traditionally, the exhumation of high-pressure rocks in western Norway was attributed to erosional processes combined with thrust tectonics (Cuthbert et al., 1983) . One of the most remarkable features of the geology in western Norway is the juxtaposition of late Caledonian eclogites in the footwall (age ¾400-420 Ma, pressure 15 to >30 kbar), with Lower and Middle Devonian sedimentary rocks (¾390 Ma) in the hanging wall across the Nordfjord-Sogn Detachment. A major difference in the extensional fabrics between western, central and eastern S Norway is the degree with which the Fennoscandian basement is involved in the extensional deformation. To the east of the Faltungsgraben the basement has, as far as one knows, not been significantly affected by extensional deformation. On the eastern flank of the Faltungsgraben the basement has been locally affected, mostly adjacent to the basal thrust zone of the nappes (Fossen, 1992) . Along the core of the Faltungsgraben, basement rocks from deeper levels exposed in the footwall of late normal faults are mylonitised in top-W shear zones of up to 150-200 m structural thickness (see also Fig. 5 ). The rocks of the Western Gneiss Region along the western flank of the Faltungsgraben are strongly affected by the late Caledonian extensional deformation in a zone down to a few hundred metres below the basementcover contact. At deeper structural levels the extensional fabrics become increasingly abundant and intense as one approaches the detachments (Milnes et al., 1988) . In western Norway, however, deformation related to the extensional decompression of the Fennoscandian basement lithologies within the Western Gneiss Region is pervasive (e.g., Andersen and Jamtveit, 1990; Dewey et al., 1993; .
The significance of the Nordfjord-Sogn Detachment was initially recognised by Norton (1986 Norton ( , 1987 . The contrast in late Caledonian regional metamorphism between the upper (low grade) and lower plate (eclogite facies) of the detachment requires omission of a minimum of 35 to 40 km crustal section in the Sunnfjord area (Andersen and Jamtveit, 1990 ) and more than 50 km in the Nordfjord area from the Late Silurian (¾420 to 425 Ma) to the Lower Devonian (¾390 to 400 Ma). The period of time (20 to 35 Ma) during which this dramatic reduction in crustal thickness took place is estimated on the basis of previously published geochronological data from the Western Gneiss Region (see compilation by Kullerud et al., 1986; Wilks and Cuthbert, 1994) and by 40 Ar/ 39 Ar mineral cooling ages (Berry et al., 1993 (Berry et al., , 1995 from the lower and upper plate of the detachment (Fig. 6) .
Below, a summary of the structures related to the decompression and sub-horizontal extension of the lower as well as the upper plate lithologies is described. For details and documentation refer to the original papers (cf. Norton, 1986; Séranne and Séguret, 1987; Chauvet and Séranne, 1989) , and papers by the present author and co-workers (see references). Fig. 6 . Geological map of western Norway (after Andersen et al., 1994) . The white mica, conventional 40 Ar/ 39 Ar cooling ages are from Berry et al. (1993 Berry et al. ( , 1995 . All ages presented are well defined plateau ages. Comprehensive descriptions and interpretations of the Ar-geochronology will be presented elsewhere and work in progress).
Extensional decompression of the lower plate
A model suggesting that the initial extensional decompression of the hinterland eclogites in the Western Gneiss Region occurred contemporaneously with contractional tectonics in the foreland was put forward by Andersen et al. (1991) . The principal structures and fabrics in the exhumed deep-crustal rocks that have been related to the decompression of the lower plate rocks are: (1) by coaxial vertical shortening/horizontal stretching at eclogite-to amphibolite-facies conditions; and (2) by non-coaxial deformation related to extensional detachments and shear zones at amphibolite-to greenschist-facies conditions.
Coaxial decompression fabrics in the exhumed deepcrust of the lower plate.
Because of the complete sections from the lower to the upper part of the synorogenic crust that are available in western Norway, it has been possible to suggest models, based on field observations, of how the extensional collapse in the hinterland of the orogen may have been accommodated at various structural levels of the syn-orogenic crust. During the initial stages of the decompression (Stage 1) the lower crust was apparently shortened vertically and stretched horizontally . The structures related to this event are represented by eclogite-to amphibolite-facies coaxial fabrics Engvik, 1994; Dransfield, 1994) . These fabrics are present in the interior and around well preserved to variously retrograded eclogites. The coaxial fabrics apparently dominate the structure of the gneisses structurally below the detachment mylonites in the Sunnfjord and Nordfjord areas Dransfield, 1994) . Detailed studies of the structures associated with the initial decompression of the eclogites suggest an overall coaxial strain regime. Associated hydro-fracturing and segregation of fluid-rich granitic leucosomes by partial melting locally altered the rheology and enhanced the deformation in the zones where they were formed/introduced. Abundant extensional quartz veins emplaced normal to the stretching and parallel to shortening directions at various stages of the deformation, indicate that the orientation of the principal strain axes remained constant during Stage 1 decompression . Temperature-pressure estimates from the Sunnfjord area (Krogh, 1980; Andersen and Jamtveit, 1990; Engvik, 1994) from eclogitefacies .T ³ 550-600ºC, P min ³16 kbar, age ¾415 Ma) to amphibolite-facies conditions .T ³ 600ºC, P ³ 10 kbar, age ¾400-405 Ma) during Stage 1 corresponds to a near-isothermal removal of overburden of at least 20 km, corresponding to a denudation rate of 1.5 mm/year or more.
Rotational deformation related to the detachments.
The second major event (Stage 2) related to the decompression of the high-pressure rocks in the lower plate rocks in the Western Gneiss Region is represented by formation of amphibolite-to greenschist-facies non-coaxial mylonites of the extensional detachments. The fabrics of the detachment mylonites formed by rotational deformation with consistent top-to-the-west displacement will not be described in detail here. The top-W sense of shear is documented by a variety of kinematic indicators which have been described in several theses and papers previously (cf. Norton, 1986 Norton, , 1987 Chauvet and Séranne, 1989; Swensson and Andersen, 1991; Hveding, 1992; Wilks and Cuthbert, 1994) .
Although impossible to measure accurately, Hveding (1992) estimated shear strains of more than 20 (detailed fabric analyses) in the Nordfjord-Sogn Detachment mylonites in Sunnfjord. The semi-ductile late shear bands which are ubiquitously present in the detachment zone where not included in Hveding's strain analyses (Hveding, 1992) . This implies that the normal displacement related to the mylonitisation on the 2.5-km-thick detachment zone probably was greatly in excess of 40 km. Furthermore, the brittle movements represented by cataclastites and breccias, and more than 10 km of normal displacement after deposition of the Kvamshesten Devonian basin must be added to the total displacement (Osmundsen, 1996; Osmundsen et al., 1998) . Hence, the minimum normal displacement of the NordfjordSogn Detachment in the Sunnfjord area is considerably more than 50 km. Together with the coaxial vertical shortening of more than 50% (Dewey et al., 1993) related to the fabrics of Stage 1, more than 50 km of normal displacement on the Nordfjord-Sogn Detachment zone dipping at a moderate 20-30º during the initial movements, is sufficient to explain exhumation of the high-pressure lower crustal rocks by extensional tectonics and footwall uplift even without major erosional denudation. The present dip of the detachment is approximately 12º to 15º (Osmundsen, 1996) measured along the axis of the late E-W-trending folds that post-date the Devonian basins and their substrate (see below).
A regional study of 40 Ar/ 39 Ar mineral cooling ages from muscovite in the Western Gneiss Region of the Sunnfjord and Nordfjord areas apparently gives consistent results on the local and regional scale and demonstrates significant diachronous cooling in the lower plate (Fig. 6) . The lower-temperature (¾600ºC) eclogite-bearing rocks in the SognSunnfjord region cooled below Ar-retention in muscovite at ¾ 398 š 3 Ma, whereas the high-temperature (¾700ºC) eclogite terrain in Nordfjord cooled at ¾ 389 š 3 Ma (Berry et al., 1993 (Berry et al., , 1995 . It is suggested that the diachronous cooling with younger muscovite ages in Nordfjord compared to those in Sunnfjord, is a function of the higher pressures and consequently original deeper burial, of the rocks in Nordfjord.
Extensional structures in the upper plate
The most important result of the extensional deformation in the upper plate of the NordfjordSogn Detachment is the formation of the Devonian supra-detachment sedimentary basins (see below). In addition a number of post-Caledonian extensional and contractional structures have been identified and systematically studied. These include: (1) top-westdirected major and small-scale ductile shear zones; (2) west-vergent folds; (3) semi-ductile to brittle normal and transtensional faults; (4) large-scale upright to weakly overturned east-west-trending folds affecting the entire tectono-stratigraphy in the SognSunnfjord region; and finally (5) high-angle faults and fractures that off-set all previous structures, including the Nordfjord-Sogn Detachment. The geology of the hanging wall of the Nordfjord-Sogn Detachment has been described in detail by Osmundsen (1996) and Osmundsen and Andersen (1994) . 40 Ar/ 39 Ar mineral ages of muscovite from rocks in the upper plate of the Nordfjord-Sogn Detachment (Fig. 6 ) demonstrate polyphase cooling and crystallisation events. The pre-Silurian rocks were affected by an early Caledonian, pre-Scandian event (muscovite ages 445-450 Ma in the Atløy area; (Fig. 6) .
The lack of equilibration and resetting of the Arsystem in muscovite is a result of variable but generally low-grade regional metamorphism in the upper plate during the Scandian event . Consequently, rocks that were little affected by Scandian deformation have retained the pre-Scandian cooling ages, whereas deformation and new growth of muscovite in zones affected by Scandian and post-Scandian give younger ages. The 40 Ar/ 39 Ar muscovite ages from Berry et al. (1993 Berry et al. ( , 1995 are in accordance with previously interpretations Osmundsen and Andersen, 1994) that demonstrated the polyphase nature of both contractional and extensional deformation in the upper plate and suggested that a middle plate was present between the Hornelen and Nordfjord-Sogn Detachments (Andersen and Jamtveit, 1990 ).
Ductile to brittle extensional structure in the substrate of the Devonian basins. The shear zones (1), west-vergent folds (2) and faults (3) apparently represent a continuous ductile to semi-brittle mode of deformation related to a bulk vertical shortening and E-W extension of the thickened crust. The origin of the top-W reactivated shear zones and the mechanisms for the formation of the west-vergent folds have been discussed above. These correspond to the Mode I extension of Fossen (1992) . The later brittle normal and transtensional faults (3) transect composite tectonic units and record progressive extensional deformation during exhumation of the Caledonian nappes of the upper plate, prior to and during deposition of the Lower (Solund) to Middle Devonian (Kvamshesten and Hornelen) basins (Osmundsen, 1996) .
Devonian supra-detachment basins
The Devonian basins exposed in western Norway (Fig. 6 ) are supra-detachment basins situated in the hanging wall of the regional Nordfjord-Sogn Detachment. The basins display extraordinary stratigraphic thicknesses of mainly alluvial and fluvial sediments. Early models on basin formation (cf. Bryhni, 1964; Nilsen, 1968; Steel and Gloppen, 1980) were focused on the basin fill. After the recognition of the large-scale extensional detachment, models for formation of the basins have principally emphasised the importance of the detachment as the major control on Devonian sedimentation (Hossack, 1984; Norton, 1986; Séranne and Séguret, 1987; Séguret et al., 1989) . Clasts from the lower plate of the detachment have, however, not been identified within any of the basins (Cuthbert, 1991; Osmundsen, 1996; Osmundsen et al., 1998) . Thus, the rocks of the lower plate of the detachment were probably not exhumed at the time of basin formation.
The Kvamshesten basin and its depositional substrate Osmundsen et al., 1998) highlight the importance of intra-upper plate extensional and transcurrent faults prior to, as well as synchronous with Devonian sedimentation. The facies distribution within the basin is highly asymmetric, the locus of maximum subsidence has shifted with time from the northern to the southeastern margin, and syn-sedimentary faults controlled the migration of facies belts with time. The present detachment fault constituting the boundary between the upper and lower plate did not control sedimentation in the basin and represents post-depositional reactivation of the main detachment (Torsvik et al., 1992; Osmundsen, 1996) . Detailed studies in the Kvamshesten basin (Osmundsen et al., 1998) show that the sedimentation was controlled by upper plate normal faults which were rooted in or cut by the detachment. Similar faults have been mapped along the basal unconformity of the Hornelen basin (Hartz, 1998) . Andersen and Jamtveit (1990) suggested the presence of a detachment above the main NordfjordSogn Detachment, separating the middle and upper crustal rocks, and controlling formation of the Hornelen basin. This interpretation has been substantiated by Wilks and Cuthbert (1994) , and is also supported by older muscovite cooling ages in the middle plate between the Hornelen and Håsteinen basin, which previously has been considered to form part of the lower plate. The geometry and kinematics of normal and transtensional faults above the Nordfjord-Sogn Detachment are highly complex as described in some detail by Osmundsen (1996) and, consequently, the details of the fault-controlled sedimentation in the Devonian basins is similarly complex.
East-west-trending folds. The east-west-oriented dominantly upright folds in western Norway affect the entire crustal section including the decompressed high-pressure rocks of the Western Gneiss Region and the youngest Devonian sediments in the basins. It is, however, important to note that folds in both the upper and lower plates are truncated by the brittle reactivated detachment faults along the Kvamshesten and Hornelen basins. The folds record a phase of N-S-directed shortening. Various models have been suggested to explain the folding, but the exact cause of this folding is still uncertain. Hossack (1984) and Norton (1987) indicated that the syn-and antiforms defined by the detachment were related to primary corrugations of the detachment surface commonly observed in the Basin and Range Province. The folds in the upper plate were accommodation structures and thus syn-depositional with respect to the sedimentation in the Devonian basins. Chauvet and Séranne (1994) considered the folding to be syndepositional and a result of external forces related to a re-arrangement of the relative plate movements after the Caledonian Orogeny and Hercynian tectonics to the south. The arguments for syn-depositional folding with respect to the Devonian basins were partly based on aerial photograph interpretations (Séranne, 1988) suggesting the presence of intrabasinal unconformities in the Hornelen and Kvamshesten basins. The unconformities have not been confirmed by later detailed ground mapping (Wilks and Cuthbert, 1994; Osmundsen, 1996) . Based on comprehensive mapping of the Kvamshesten basin and its depositional and tectonic substrate, Osmundsen et al. (1998) interpreted the E-W-trending folds to record a stage of essentially post-depositional N-S shortening associated with constrictional deformation during E-W extension. The N-S shortening of the Devonian basins is apparently younger than the basin fill, and may be of Late Devonian age as suggested previously by the palaeomagnetic data (Torsvik et al., 1987) . It is possible that this deformation may be related to a large-scale re-arrangement of the plate-motion configuration and external forces as suggested by Chauvet and Séranne (1994) .
Continued late Palaeozoic-early Mesozoic extension
Dating of fault rocks along the Nordfjord-Sogn Detachment (Torsvik et al., 1992) records Permian as well as Late Jurassic brittle movements on the detachment. In addition, two sets, NW-SE (older) and N-S (younger), of high-angle normal faults and extensional fractures are present (Osmundsen, 1996) . Both off-set the Nordfjord-Sogn Detachment demonstrating that the rocks on-shore western Norway experienced late, sub-horizontal eastwest-directed crustal stretching. Dolerites and rare lamprophyres (middle Permian) are locally present in the Sunnfjord area (Furnes et al., 1982; Torsvik et al., 1997) and one of these cross-cut the detachment. South of Bergen, Triassic (?) to Jurassic dolerites (K/Ar dating; Faerseth et al., 1976) have been emplaced along the N-S-trending fractures system, hence a Mesozoic age is suggested for this system north of Bergen . Although the precise age of fault rocks along the Laerdal-Gjende and other normal faults along the Faltungsgraben lineament is presently unknown, it is tentatively suggested that their brittle reactivation represents the easternmost expression of the late Palaeozoic to Mesozoic extension on the S Norwegian mainland.
Work in progress on the adjacent offshore areas suggests that late Palaeozoic rifting constitutes an important event in the Horda Platform area, and that it was associated with development of half-grabens with shifting polarities (Christiansson et al., 1995) . Furthermore, the magnitude of extension accommodated in the upper Palaeozoic-earliest Mesozoic far exceeds extension associated with the Late Jurassic rift phase. With exception of the Viking Graben area, the most significant phase of extension in the North Sea region is probably Devonian to late Palaeozoic in age. The magnitude of displacement accommodated by the detachment exposed onshore western Norway, strongly suggests that the offshore continuation of the detachment must have been a significant structural dislocation during Permian to early Mesozoic rifting in the northern North Sea area. Thus, the Devonian extensional fabrics were likely to form a structural template that was also important during subsequent extension.
Summary and conclusions
Because of extreme denudation, good accessibility and the quality of exposure of rocks from different crustal levels of the syn-orogenic crust, the Scandinavian Caledonides represents a unique natural laboratory to study the products of the tectonic processes associated with orogenic collision and extensional collapse of continental collision zones. The relationships between contractional and extensional deformation developed (e.g., Hodges et al., 1993) during the collision between India and Eurasia probably represents the best Cenozoic analogue to the Silurian continental collision between Baltica and Laurentia and its extensional modification.
The extensional structures in the south Norwegian Caledonides record the tectonic denudation of the Caledonian nappe pile which were assembled by polyphase lower Palaeozoic plate convergence. Because exhumed rocks in the metamorphic core complex of the Western Gneiss Region, record high-and ultra-high-pressure metamorphism (cf. Smith, 1984; Griffin, 1987; Jamtveit, 1987) , it is suggested that the Caledonian Orogen developed extremely thick continental crust capable of stabilising coesite (Smith, 1984) and micro-diamonds (Dobrzhinetskaya et al., 1995) . Subduction of continental crust, however, requires pervasive eclogitizaton in order to maintain a reasonable topography above the thickened crust (Richardson and England, 1979; Dewey et al., 1993) .
The earliest structures recording tectonic denudation of the nappe stack in southern Scandinavia may be assigned to internal forces within the overthickened lithosphere of the orogen. The pressuretemperature estimates combined with geochronological data (Kullerud et al., 1986; Chauvet and Dallmeyer, 1992; Berry et al., 1993 Berry et al., , 1995 Wilks and Cuthbert, 1994) indicate that decompression of the high-and ultra-high-pressure rocks in the Western Gneiss Region commenced in the Late Silurian (420 Ma) and that the lower plate rocks had cooled from their maximum temperatures of ¾600º to 750ºC below the Ar-blocking temperature of muscovite .350 š 50ºC/ at 390 š 10 Ma. Structural observations (Andersen and Jamtveit, 1990; Andersen et al., 1994; Osmundsen and Andersen, 1994; Dransfield, 1994) suggest that the decompression of the deep-seated rocks initially was related to non-rotational verti-cal shortening and horizontal stretching at depth and non-coaxial extensional shearing and normal faulting in the middle and upper parts of the thickened crust. These observations support an early model of lower crustal pure shear and upper crustal simple shear suggested by McClay et al. (1986) based on very limited field observations from western Norway and a comparison with the Basin and Range Province of the western USA. Traditional interpretations, that the eclogite-bearing rocks approached the surface by thrusting and erosion, are not supported by structural observations/fabric analyses in the Western Gneiss Region.
In the tectonically telescoped rocks of the miogeocline (Lower and Middle Allochthon) of the eastern part of the orogen, initial vertical thinning and unroofing apparently occurred by top-to-the-E, out-of-sequence extensional shear zones (Sjöström et al., 1991; Sjöström and Bergman, 1994) . The eastward transport on foreland-dipping shear zones were rooted on the sole thrust, suggesting that final stages of decollement thrusting in the foreland may have been related to gravitational spreading of the orogen Andersen, 1993) .
The mechanism which triggered the extensional deformation in the Caledonides can only be inferred by comparison with theoretical models and comparable regions with active tectonics. By analogy with models for orogenic extensional collapse (Dewey, 1988; England and Houseman, 1988; Platt and England, 1994) , it is conceivable that hinterland uplift and decompression by top-east extensional shear zones in the telescoped miogeocline, may have been a consequence of thinning of the mantle lithosphere as previously suggested (Andersen and Jamtveit, 1990; Andersen et al., 1991) . This process would have increased the syn-orogenic surface slope, and it could also have reduced the dip of the sole thrust in the eastern parts of the orogen. Both geometrical adjustments, combined with reduced rate of convergence, would favour gravitational spreading of the mountain belt (England and Houseman, 1988; Platt, 1993) . After initial extension possibly related to gravitational spreading, belt-wide reversal in the polarity of deformation, from top-east to top-west, occurred in the Scandinavian Caledonides with exception of the thin-skinned foreland fold and thrust belt. Contemporaneous top-to-the-east extension characterised the East Greenland Caledonides (Hartz and Andresen, 1995; Andresen and Hartz, 1998) . In the hinterland of the Caledonides in southern Norway, major top-to-the-west extension on the extensional detachments with heaves in the order of 50 to 100 km, in the Lower to Middle Devonian.
The surface expression of the extensional shearing was normal and transtensional faulting (Osmundsen, 1996) , controlling formation of the Devonian supradetachment basins. Previous models appealing to direct control of the sedimentation in the Old Red basins in western Norway by the main NordfjordSogn Detachment (Séguret et al., 1989) do not explain the highly asymmetric facies distribution in the basins (Osmundsen et al., 1998) and the lack of eclogites or other high-pressure rocks with provenance in the lower plate within the basins (Cuthbert, 1991; Osmundsen, 1996) .
Continued Devonian and later upper Palaeozoic extension of the Caledonian Orogen in the North Atlantic region may to a large extent have been controlled by a reorganisation of the plate-motion configuration in the area, from general plate convergence to divergence or transtension. Fossen (1992) argued that a wholesale reorganisation of plate motions was necessary to explain the belt-wide reversal in deformation polarity. Chauvet and Séranne (1994) related the change in tectonic regime in western Norway to external forces related to the Hercynian plate convergence to the south. Divergent plate motions separating Baltica and Laurentia during the late Palaeozoic are, however, too small to be detected within the uncertainties of palaeomagnetic analyses (Torsvik et al., 1996) . Some plate divergence seems, however, highly probably in view of the very large extension that can be inferred from the hinterland in Scandinavia, Greenland and the respective continental shelves. Late, large-scale motions sub-parallel to the strike of the orogen, such as the presently active wrench faults in the Himalaya-Tibetan region (Brunel et al., 1995; Tapponnier et al., 1995; Searle, 1995) may have been important in accommodating divergence during the later stages of the deformation in the Scandinavian Caledonides (Séranne, 1992) .
The hinterland regions of the Scandinavian and Greenland Caledonides have, since the main lithospheric thickening occurred in the Late Silurian, been a region characterised by extensional tectonics.
The extension of the Caledonides of the North Atlantic region and adjacent offshore areas may very well illustrate the long-term effect of orogenic extensional collapse as modelled by Platt and England (1994) . Externally driven plate divergence and/or transtension was probably an important element in driving the extension after the Middle Devonian.
